A framework for the use of time-domain bi-static processing in single-transmitter, multiple-receiver, incoherent synthetic aperture sonar imaging, highlighting its circumstantial advantages, is proposed. Also presented are imaging results for such a scheme based on a recent unconstrained sea survey, giving a positive indication of its potential.
Introduction:
The requirement for a single-transmitter, multiplereceiver array configuration is paramount for increasing the mapping rate of a synthetic aperture sonar (SAS) at a reasonable economic and complexity cost, without compromising imaging performance [1, 2] . Thus, it is becoming increasingly adopted [3, 4] in SAS applications. In coherent SAS imaging, the data are usually preprocessed, by interpolation and range dependent phase compensation, to create imaginary mono-static transmit=receive elements such that their round trip delay time would be equivalent to that of a corresponding element in a bi-static configuration. This decreases computational load in the subsequent mono-static synthetic aperture processing. However, one loses the ability to apply amplitude weightings based on the direction of wave departure from the transmit element and the direction of arrival to each of the individual receive elements with regard to a particular pixel to be processed. This facility is useful in spotlight mode processing or in incoherent synthetic aperture processing. Time-domain processing is employed because we are considering incoherent processing where the phase is discarded and therefore frequency domain methods are inappropriate.
Results from an unconstrained sea survey of a shipwreck shows appreciable improvement in the image quality, measured in terms of contrast, when a bi-static processing scheme is used.
Bi-static time-domain processing: Consider a 2D image with along track and cross track (range) on each axis, processed by assuming a mono-static configuration. It can be expressed as:
where p a and p r are the along track and cross track co-ordinates, respectively, w n the weighting factor, N is the number of receive elements, and G n the matched-filtered returns. The round trip timedelay for the nth receiving element, t p,n , is a function of the two-way range decided by the location of the pixel and the receiving element. Now, consider a bi-static configuration as shown in Fig. 1 , where s m is the positional vector of the mth transmitter location and x m,n is the corresponding positional vector of the nth receiver during that transmission. The pixel concerned lies at p . The total time-delay now becomes t p,m,n , being the sum of the propagation times from the transmitter and from the receiver to the pixel:
with c being the speed of sound propagation. Expressing RR m,n and RT m as dot products gives:
and substituting into (1) gives:
where M is the number of transmissions and N is the number of receive elements in the physical array. The weighting factor w p,m,n can now be a function of the angles y r and y t which can be derived from the positional vectors, p , x m,n and, s m thus allowing a weighting factor to be applied such that it takes account of the directional response of the individual transmit and receive elements in order to balance the compromise between signalto-noise ratio and image resolution.
Results from sea-trials: A 32 channel (0.75 m apart) linear towedarray with a GeoPulse boomer in the centre was towed to survey the Aeolian Sky wreck, which covers an area of 149 Â 22 m on the seabed in waters of 30 m maximum depth. Its location, derived from GPS (Global Positioning System), is 50 30.55 N, 02 08.33 W. The average tow-speed was 3.4 ms À1 with a ping rate of 0.6 Hz. The sea conditions were mild (sea-state 1), and there were no artificial manoeuvring aids on the towed-array. In processing this data, no motion compensation has been applied, and incoherent processing schemes were used to compare and gauge the improvement of image quality associated with bi-static processing.
The results are shown in Figs. 2 and 3 . By visual observation, bi-static processing has produced an image with greater sharpness. To measure its quality in terms of contrast, standard deviations (normalised by its mean) were calculated for each slice in the along track direction for both the images, shown in Fig. 4 . There is a consistent improvement in the contrast of the image produced from bi-static processing. As cross track range increases, the error caused by using mono-static processing that degrades the image contrast gradually decreases. No motion compensation has been applied in this case, but in situations where bulk motion compensation can be applied based on inter-ping cross-correlations (without phase information), the gain in image contrast would be more significant. Fig. 4 Comparison of image contrast achieved by mono-static processing and by bi-static processing Conclusion: Thus, for a single-transmitter, multiple-receiver array that can substantially increase imaging speed, the case for bi-static time-domain processing is strong, especially for incoherent processing schemes. The exponentially decreasing ratio of cost-toprocessing power means that full bi-static time-domain processing can now be considered to be practical. This could be especially useful in situations where the phase information is unreliable or where precise navigational data are absent, and yet good image sharpness and contrast need to be achieved. Results produced from sea trials demonstrate the gain of image quality with bi-static time-domain processing. This gain decreases as range from the aperture increases, but it is worth noting that with most synthetic aperture sonar imaging applications, the swath of interest usually lies in the near-field considering the commonly long synthetic aperture used in processing. The use of this scheme also allows for a much quicker, cost-effective and technically less demanding sea-survey to be performed. It is thus a promising technique for predefining or localising an area of interest from a larger one, in situations where image resolution is not a primary requirement, or where the window of opportunity for survey is short.
